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Introduction
In the last few decades there has been increasing interest in the production of porous inorganic materials with high surface area and internal porosity. Silica is an inorganic material that does not swell in solvents, it has very good mechanical and thermal stability as well as good dispersion characteristics in various solvents. Colloidal silica with a mean particle size ranging from about 5 to 100 nm has a wide range of applications as a thickener, adsorbent, molecular sieve, abrasive, additive, catalyst support, film coating or glass precursor 1 . In addition to colloidal silica, there is significant commercial interest in 3 applications a uniform spherical particle is preferred to angular crushed solids, to minimise pressure drop and provide reproducible behaviour.
Silica particles can be produced from organic silicon compounds, e.g. siliciumalkoxide, such as tetraethyl or tetramethyl orthosilicate (TEOS and TMOS) or inorganic materials (sodium silicate).
Sodium silicate is the cheapest source of silicon for silica particles. To produce silica gel, sodium silicate solution can be diluted with an acid to form silicic acid (Si(OH) 4 ) which then through condensation polymerization loses water and creates -Si-O-Si -bonds. Upon drying the formed hydrogel shrinks to a xerogel. A surfactant can be dissolved in the silica source to additionally tailor the internal gel structure (surfactant templating method) 7 . The characteristics of a produced dried gel are determined by the physical and chemical conditions at each step of the process of preparation.
To form spherical silica particles, acidified sodium silicate solution can be dispersed into an immiscible organic phase liquid, water in oil (W/O) emulsion route 8 , or spray dried 1 . In the W/O emulsion route, the droplets of sodium silicate solution are dispersed in an appropriate immiscible organic solvent either by bulk emulsification, or by drop-by-drop emulsification. The dispersed droplets actually represent microreactors in which condensation polymerization occurs. Anderson et al. 9 used the W/O emulsion route in combination with solvent evaporation to produce spherical silica particles. They applied stirring to produce the emulsion and reported particles of up to 40 µm with a broad size distribution. Size and uniformity of the silica particles produced was largely dependent upon the size and uniformity of the silica precursor droplets and, therefore, the controllable drop-by-drop emulsion formation is preferred. Several single channel microfluidic technologies have been reported for the production of spherical silica particles: Chen et al. 10 injected a dispersed aqueous phase (a mixture of silica sol, acrylamide and initiator) through a needle into a cross-flowing oil phase to produce porous silica particles by calcination of polyacrylamide-silica composite particles. Charrol et al. 11 injected a silica precursor (acidified TEOS solution with triblock copolymer) using a flow focusing oil, while
Chokkalingam et al. 12 fabricated silica particles by self-synchronized pairwise production of droplets of different solutions (acidified TEOS solution and ammonia solution) using a microfluidic cross junction followed by in situ droplet merging. The produced particles were above 10 µm and very uniform, with a coefficient of variation of less than 5%, but reported productivity was below 0.02 ml min -1 .
Microchannel emulsification 13 , where the dispersed phase is pressed through uniformly sized microchannel arrays fabricated on a silicon microchip into the continuous phase, can be used for fabrication of uniform droplets. The disadvantage of this process is quite low productivity which does not exceed 0.025 ml min -1 for a grooved-type plate. Productivity of the process is crucial in industrial applications and, therefore, microfluidic devices or microchannel emulsification are not promising due to their limited ability to scale for production purposes.
In membrane emulsification, the dispersed water phase is pressed though a hydrophobic membrane and the droplets are detached into the continuous oil phase. Emulsions are prepared with a low shear stress 14 or even without any shear 15 , at a low energy input per unit volume compared with conventional emulsification methods, which allows for better control of droplet size and uniformity 16 . The shear on the membrane surface can be induced by stirring 15 or cross-flow 16 of the continuous phase, rotation of the membrane 17 , or oscillation of the membrane 18 . The droplet size is mainly controlled by the membrane pore size, flux of the dispersed phase through the membrane, shear applied on the membrane surface, chemistry of the formulation and the membrane, and finding the optimal combination is vital for the production of uniform droplets. It is well established that the droplet size is directly proportional to the membrane pore radius and the proportionality constant equals 320 19, 20 . Productivity for membrane emulsification can go up to a few thousand ml min -1 18 , therefore, from the point of industrial application the process is quite promising. Production of spherical silica particles using the W/O emulsion route and membrane emulsification has been reported by several authors (Table 1) but membranes with tortuous pores were used. These membranes can be easily fouled by the precursor solution and the reported mean particle size did not exceed 5 m. These sizes may be appropriate for analytical column use, but for larger scale "process" column applications particle diameters between 10 and 100 m are desirable. Cross-flow membrane emulsification, where the shear is induced by the recycled flow of the continuous phase, is not convenient for the production of droplets larger than 20 µm, due to droplet break up in the pump. This paper reports a novel W/O emulsion route combined with a metal microsieve-type membrane emulsification to prepare near-monodispersed porous spherical silica particles with a controllable size between 30 and 70 m. The silica precursor solution was the inexpensive and environmentally friendly sodium silicate solution acidified with sulfuric acid. The precursor droplets were dispersed in kerosene using a Dispersion Cell with hydrophobic nickel membranes composed of straight non-interconnected pores. The influence of the shear stress on the initial droplet size of acidified sodium silicate solution and a relationship between the initial droplet size and the final silica particle size is reported. To predict the initial droplet size of the acidified sodium silicate solution, after injection, a model introduced in previous work 15 was used. The droplet diameter x is calculated from a force balance of the capillary force (a function of interfacial tension and pore size) and the drag force (a function of a shear stress and the droplet size) acting on a strongly deformed droplet at a single 
where r p is the pore radius,  av is the average shear stress,  is the interfacial tension and x is the formed droplet diameter. The average shear 25 over the whole membrane area is given by: 
where D m is the effective diameter of the membrane, i.e. the diameter exposed to the continuous phase, r trans is the transitional radius, r is the distance from the axis of rotation,  is the continuous phase density,  is the angular velocity,  is the continuous phase coefficient of dynamic viscosity and δ is the boundary layer thickness
Besides the size of the silica particles, the internal structure was also regulated by changing the initial pH of the acidified silica source and applying aging of the hydrogel in solvents with different surface tensions.
Experimental section
Preparation of silica particles.
The silica precursor was prepared by diluting sodium silicate solution (28 wt % SiO 2 , 14 wt % Na 2 O, Fisher Scientific UK) down to 10 or 15 wt % SiO 2 using Milli-Q water (18.2 MΩ cm). Once diluted the solution was stirred for 30 min. Due to the gelling, the sol had to be prepared prior to the experiment by adding the diluted sodium silicate, with 10 or 15 wt % SiO 2, dropwise to 1M H 2 SO 4 (Fisher Scientific 7 UK). Approximately 17 ml of diluted sodium silicate was added to 25 ml of H 2 SO 4 under vigorous stirring until the desired pH was achieved.
The gelling time is a function of pH, therefore, the right pH of the silicate solution after dilution with acid had to be selected. The condensation polymerization rate has a minimum at pH 2, at the isoelectric point 1 , and increases with increased pH. If the polymerization is too slow, the rate of particle growth is also slow and the particles forming the gel will be small resulting in a more compact and microprous gel. To measure the gelling time of the solutions, 4 ml of the solutions with the pH"s of 1. Emulsification using a stationary membrane was performed using a Micropore Technologies Ltd.
Dispersion Cell. This device uses a 24 V DC motor to drive a paddle-blade stirrer, which provides the shear at the membrane surface (Fig. 1a) . Stirrer speeds between 180 and 1400 rpm were used. For the production of W/O emulsions hydrophobic membranes were used (Fig. 1a) , including one with a smaller active ring area of pores and another where all of the pores were used 26 . All membranes had a 15 m pore size, and 200 m spacing between the pores, and were kindly provided by Micropore
Technologies Ltd. The active surface area of the whole and the ringed membrane was 8.0 and 2.8 cm 2 ,
respectively. The continuous phase was prepared by dissolving 5 wt% Span 80 in low odour kerosene (both supplied by Sigma Aldrich, UK). Span 80 is an emulsifier to stabilise the aqueous sol droplets formed in the kerosene. The inlet hose was filled with the continuous phase prior to each experiment to ensure that air was not entrapped within the oil phase. The cell was filled with 100 cm 3 of continuous phase and in most experiments 10 cm 3 of dispersed phase (silica precursor solution) was injected through the membrane pores using a Harvard Apparatus model 11 Plus syringe pump. After production, the silica droplets were transferred to a Teflon beaker and kerosene was added to dilute the volume concentration in order to minimise droplet coalescence. Before the transition of the droplets into gel was complete the emulsion had to be subjected to continuous stirring to prevent settling and coalescence of the droplets. The stirring rate during gelling was found to be of great importance. If too high stirring was applied particles suffered attrition during solidification, therefore, 170 rpm was determined to be the most appropriate rate for the experiments: sufficient to keep the droplets suspended and separated, without causing shear deformation, or crushing, of the forming particles. When droplets of dispersed phase were initially injected into the kerosene solution it became milky white, and stirring was maintained until the kerosene solution became transparent again, and the hydrogel was formed. All the diluted solutions injected into the continuous phase were clear and transparent without any visible particulates, hence the milky colouration was believed to be due to water transport within the Span 80 stabilised continuous phase.
Washing of silica particles.
After the gelling, it was noticed that besides the spherical silica particles, very small amounts of needle shaped silica particles could also be created. So, to separate the spherical particles, a microfiltration cell was used (Fig. 1b) . The microfiltration cell is identical to the Dispersion Cell apart from the use of a slotted membrane attached at the bottom of the cell (Fig. 1b) . The slotted membrane was kindly provided by Micropore Technologies Ltd. The slots were 4 µm wide and 250 µm long ensuring that even the smallest silica particles were maintained above the membrane. The advantage of the slotted membrane over a regular membrane is that the pores cannot be clogged with the small particles, as is the case with conventional membranes 27, 28, 29 . The silica particles were retained by the membrane while the needle-like material passed through the pores. All of the filtrate collected during the filtration was dried to identify the amount of silica lost as needles. No spherical particles were observed in the filtrate and the amount of needle-like silica in the filtrate was less than 2% of the total particle mass being filtered. In order to remove Span 80 and kerosene from the particles acetone washing was used. Once the kerosene was filtered off, the cell was partially filled with acetone and the spherical silica particles were washed with acetone. For filtrate removal a peristaltic pump (WatsonMarlow-Bredel Pump 101U/R, UK) was used which operated at 0.1 ml min -1 . Each batch of spherical silica particles was continuously washed with at least 250 cm 3 of fresh acetone followed by water washing. After drying at room temperature, when the particles no longer aggregated together, Optical Microscopy.
The sizes of freshly prepared droplets of dispersed phase in kerosene, hydrogel as well as xerogel (fully dried hydrogel) particles were determined using a Leitz Ergolux optical microscope with attached Pulnix TM-6CN monochrome camera. The droplets tended to burst when placed on a microscopic slide due to surface tension effects, so photographs of the droplets had to be taken very quickly. For each experiment, numerous photos were taken and at least 700 droplets, or particles, were measured for representative measurements of size. As an indication of the droplet size distribution, the coefficient of variation was determined using the Java-based image processing package ImageJ. An example of a Scanning Electron Microscopy (SEM) image of the particles, and image converted for processing in ImageJ, is given in Figure 2 . 
Surface analysis.
Studies of dried silica particles by SEM were performed using a Stereoscan 360 (Cambridge Instruments, UK). An Oxford Instruments INCA system attached to the SEM was used for energydispersive X-ray microanalysis (EDX) of the silica surface. More detailed photos of the silica surface were obtained using Leo 1530 VP Gemini (Carl Zeiss) high resolution field emission gun scanning electron microscope (FEG SEM). To prevent the accumulation of static electric charge on the particles during electron irradiation prior to the SEM and FEG SEM analysis silica particles were coated for several minutes with a mixture of gold and palladium (80% gold and 20% palladium). The thickness of the sputter coating was 0.85 nm per second at 2 kV and25 mA of plasma current.
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The internal morphology of the dried silica particles (xerogel) was investigated using an ASAP 2020
Micromeritics (Accelerated Surface Area and Porosimetry system). Prior to the analysis, samples were subjected to dehydratation in vacuum at 100 o C for 16 hours. The dehydrated silica particles (200 mg) were loaded and degassed under different temperatures for several hours under vacuum, followed by analysis at -197°C with N 2 as the adsorbate gas. The pore size distribution was calculated by the Barrett-Joyner-Halenda (BJH) method 30 . The nitrogen isotherm was fitted with the Brunauer-Emmett-
Teller (BET) model 31 to evaluate the surface area, and the cumulative pore volume was calculated from the extrapolation of the isotherm to a relative pressure of 0.99.
Results and discussion
The aim of this work was to produce uniform spherical silica particles, within the size range of 30 to 70 m, with controllable internal porosity, starting from sodium silicate and sulfuric acid, using stirred cell membrane emulsification. No literature data on the production of W/O emulsions (acidified sodium silicate/kerosene) using the Dispersion Cell and hydrophobic membranes (Fig. 1a) was available, therefore, the reproducibility of the experiments had to be tested. For the tests, the paddle rotation was set to 875 rpm while the flow rate of the dispersed phase was set to 5 ml min When using the Dispersion Cell for the production of emulsions, the two main parameters affecting the droplet size are paddle rotation speed and flow rate of the dispersed phase 15, 25, 26 . Fig. 4 illustrates both influences: shear stress as well as flux of the dispersed phase, on droplet size. The error bars in Fig.   4 represent one standard deviation from the mean value, and the theoretical prediction based on Eqs. (1) and (2) is shown by the curve. As can be seen from the figure, the rotation speed represents an effective way to control the droplet size. An increase of the rotation speed increases the shear stress on the membrane surface and the droplet formation time shortens, therefore, the droplets produced at higher rotation speed have a smaller diameter. Using the flow rate of 5 ml min -1 and the rotation speed from 200 to 1400 rpm, mean droplet sizes in the range between 240 and 65 µm were produced.
13
Eqs. (1) and (2) gave good predictions of the droplet sizes produced at a very low flow rate (1 ml h added the "push off" force to the force balance model to predict the droplet size at high flow rates when the space between the pores is small. The shear stress on the membrane surface does depend on the distance from the axis of rotation and reaches its greatest value at the transitional radius 15 . Since the shear stress on the membrane surface is not constant the average shear stress is more representative in the case of the whole membrane which was used here. Since the model does not take into consideration the flow rate of the discontinuous phase, it is expected that the model will predict the droplets produced using a very low flow rate, as shown in Fig. 4 . In the case of the very low flow rate, the volume of sulfuric acid used to initialize the gelling was replaced with dionised water, in order to avoid particle gelling during injection through the membrane. Such replacement was necessary, since the experiment had to last for several hours in order to produce enough droplets for analysis, and if the solution was acidified the sodium silicate would gel within the tubing and membrane. These experiments were performed solely to assess the validity of the force balance model with this system. The droplets produced using the higher flow rate followed the same trend as the ones produced at the lower transmembrane flux: an increased rotational speed decreased the droplet size, but the droplet sizes produced at the higher transmembrane flux caused deviation from the model. Two explanations of this phenomenon are possible. First, the detachment of the droplet is not instantaneous but requires a finite time t neck , the necking time, during which an additional amount of dispersed phase flows into the droplet. Therefore, the resultant droplet volume, V, is larger than the one estimated by the force balance model and can be expressed as 34 :
where V crit is the droplet volume predicted by the model, k is the fraction of active pores, Q d is the total dispersed phase flow rate and N is the total number of pores in the membrane. For the data in It is clear that too low and too high rotation speed is not recommended for the production of uniform droplets, as shown by the longer error bars in Fig. 4 . The decrease in uniformity probably originates from droplet breakup: at low rotation speeds large droplets are created which are more susceptible to 15 breakage by the stirrer, and at high rotation speeds breakage is quite likely. Other dispersed phase injection rates were tested, but a dispersed phase flow rate of 5 ml min -1 gave the most uniform droplets regardless of paddle rotation speeds. No major difference in droplet uniformity and mean droplet diameter was observed for the droplets containing 4 and 6 wt% SiO 2 . Both solutions have similar viscosity and density values, therefore, the final droplet size should be the same and Fig. 4 confirms this prediction. The higher content of silica was used in further experiments, since it is likely to give stronger silica particles. Concentrations higher than 6 wt % SiO 2 were not used, since it was observed that the solutions were not clear after the addition of sulfuric acid.
In some applications the restriction of active membrane area to a ring encompassing the transitional radius may help to improve the uniformity of the formed droplets 26, 36 . The argument here is that the shear stress on the membrane surface due to the stirring is not uniform under the paddle, and the region where the shear reaches its maximum will provide the most consistent region of shear. A ringed membrane was tested for the production of the droplets, but no significant improvement in uniformity was observed in this case.
The produced droplets were transferred into a Teflon beaker, and stirred using a low rotation speed in order to allow gelling and formation of a hydrogel. Once gelled, the hydrogel particles were dried to form a xerogel. Fig. 5 illustrates the shrinkage of the dispersed phase droplets and their transformation; firstly into the hydrogel and then to the xerogel forms. During condensation polymerization, the droplets will shrink due to water loss as the hydrogel is formed. To remove kerosene and Span 80 a suspension of gel particles was transferred into a microfiltration cell and the kerosene was filtered, followed by washing in acetone and then water. The washed particles were left to completely dry for several days at room temperature. During this drying stage liquid present in the pores was removed, the structure was compressed and the porosity was reduced, at least to some degree, by the surface tension forces as the liquid was removed, leaving spherical silica particles (xerogel). Drying at room temperature was followed by calcination, but further shrinkage of the dried silica particles was not observed. Shrinkage of the droplets during the drying process can be seen in Fig. 5 . The markers in Fig. 5 represent the final
Figure 5
Relationship between the particle diameter in the resultant gels and the droplet diameter. the initial droplet size. However, the particles were still significantly bigger than would be predicted by a mass balance of the silica used in their formation. For example, the 120 µm droplets would give rise to xerogel particles of 37 µm based solely on a material balance on the silica present. Clearly, the larger size, 52 µm, is due to a significant amount of internal porosity, or voidage. This is discussed further after the dried particle characterization results. The surface structure of the silica particles after calcination was imaged by SEM (operated at 2.6 kV) and FEG SEM (operated at 10 kV) and microphotographs are presented in Fig. 8 . The silica particles are almost perfectly round as can be seen from Figs. 8a and 8b, while the close-up of the particle surface shows a cloudy and corrugated external and internal surface morphology (Figs. 8c and 8d ). On the surface the presence of pores is visible (Fig. 8(c) ). To confirm the composition of the particles EDX elemental analysis was performed. Ten random silica particles were scanned and the averaged result of Energy Dispersive Spectrum is presented in Fig. 9 . As can be seen, the particles consist of silicon and oxygen
Figure 9
The Energy Dispersive Spectrum (EDS) of silica particles with average size of 40 µm.
with signals at 1.8 and 0.5 keV respectively. At 0 and 2.2 keV two signals can be seen: the first one comes from the background (i.e. the plate on which the particles were placed), while the other one comes from the gold and palladium which were used to coat the particles prior to SEM and FEG SEM analysis in order to reduce the charge interference.
Gel formation is based on the establishment of chemical bonds between neighboring particles and the particle size is a function of the pH of a silica precursor 1 . According to Iler 1 after gelation, but before complete drying, the structure and chemistry may be altered by varying the pH, salt concentration, temperature and/or pore fluid composition in a process called aging. Muñoz-Aguado et al. 37 found that if gellation is performed under acid conditions (pH≤7), the final xerogel pore size depends mainly upon pH. In order to modify the internal porosity, the pH of the dispersed phase was increased to 4.5 and aged in acetone. The particles were compared with the particles formed from the solution at pH 3.5 and the hydrogel aged in water. The systematization of pores according to Dubinin 38 : where micropores have diameter smaller than 3 nm and mesopores have diameters in the region between 3 and 200 nm is used in the discussion below. Fig. 10a shows a nitrogen adsorption-desorption isotherm of the silica synthesized under a pH of 3.5, aged for 7 days in water and dried and calcined. The adsorption isotherm shows a steep rise in the low-pressure region at a normalized pressure of about p/p 0 < 0.05 and according to IUPAC (Sing et al. 39 ) it is the type I isotherm which could be interpreted as an indication of the presence of micropores in the analyzed silica. The inset in Fig. 10a shows the pore size distribution calculated from the desorption isotherm according to the BJH method 30 . The sample shows a wide pore size distribution in the micropore range with a distribution maximum at a pore radius of 1.5
nm. Figure 10b represents the silica sample produced from the acidified sodium silicate solution with a 
The condensation polymerization forms small silica particle chains, which can then form a network of silica gel:
When such mechanisms prevail, then according to Muñoz-Aguado and Gregorkiewitz 40 , a microporous texture is expected for the silica matrix. There have also been reports of the silica particles tending to form a linear chain, with low crosslink density, at low pH values 41 . This is consistent with the observed formation of a small amount of needle like crystals that were filtered out, as described above.
The specific surface area of the sample aged in water at pH=3. was determined to be just about 0.1 m 2 g −1 which is negligible with respect to the internal surface area.
The absolute density ρ t of the samples aged in water, or acetone, was measured using a Helium
Pycnometer 9200 (Micromeritics, US) and was not found to differ significantly: 2070 kg m -3 (±40 kg m -3 ). According to the cumulative pore volume (V p ) and the absolute silica density (ρ t ), the internal
) of the samples aged in water and acetone is 47 and 63%, respectively.
The analysis above compares favourably with a material balance based on the information contained in Fig. 5 . The volume of solid silica contained in a droplet is
where m is the mass fraction of silica present in the liquid, x is the droplet diameter, ρ and ρ s are the acidified sodium silicate and solid silica densities, respectively. The internal voidage of the particle is
where V voids is the void volume and V solid is the solid volume of the silica. The V voids is the volume of the particle minus the volume of the solid silica:
where x p is the particle (xerogel or hydrogel) diameter. Combining Eqs. (8) and (9) and rearranging provides the following equation for internal particle voidage: Fig. 5 provides values for the ratio of the particle size and droplet size for both hydrogel and xerogel particles. Using the ratios shown in the figure provides internal particle voidages of 88% and 64% for the hydrogel and xerogel particles, respectively. The latter compares favourably with the value of 63% obtained from the pore volume and density determination.
For comparison, Chen et al. 10 used an approach similar to Caroll et al. 11 (acidified TEOS as silica source, surfactant templating method in a microfluidic device) and determined the internal surface area of the produced silica particles to be 550-675 m 2 g −1 with the reported cumulative pore volume to be Eq. 8 and a material balance was found to be 0.86 cm 3 g −1 . However, to date, no membrane emulsification synthesis route has been reported for the production of porous silica particles larger than 5 µm. The increase in pore size, in the case of the sample aged in acetone and produced from the solution with higher pH (4.5), may be interpreted in two ways.
When silica particles are prepared from sodium silicate (Na 2 SiO 3 ) it is necessary to add acid (sulfuric, hydrochloric, etc.) in order to create silicic acid (Si(OH) 4 ) as shown by equation (5) . The silicic acid rapidly dimerises with elimination of water and then with further elimination of water forms trimers and in this way eventually polymerizes. The polymer continues to grow forming polymer aggregate spheres a few Angstrom in diameter. When the spheres reach a particular size, the surface hydroxyl groups from different spheres condense forming a gel. The porosity and surface area of the subsequent silica gel is determined by the size of these spheres which will depend on the conditions of formation and on the manner in which the gel is subsequently washed. According to Iler 1 , the increase of the pH increases the size of the primary silica particles too. Through the condensation polymerization reaction, particles come together to form the gel structure, so when bigger particles solidify they form the less dense gel structure with larger pores. The xerogel structure is a collapsed and distorted version of the structure that originally existed at the gel point. During the drying stage, the gel shrinks and the capillary force, which is directly proportional to the capillary pressure p c , exerted on the network depends on the surface tension of the liquid θ, contact angle θ, and the pore size R:
Since the pore size can be very small the capillary pressure, which collapses the initial gel structure can be enormous 1 . By using acetone during the drying step, which has a 3 times lower surface tension than water, the capillary pressure is lower, hence the gel shrinks less and larger pores are created. Aging silica hydrogels due to continued condensation polymerization has also been reported 42 , where other details of the influence of washing and aging on pore structure are recorded.
Conclusions
Spherical silica particles with mean particle sizes controllable within a range between 30 and 70 m have been produced from inexpensive sodium silicate solution. It was possible to control the internal structure, i.e. pore diameters and voidage, by an aging process of the particles in different solvents from which the final, xerogel, particles were produced. The starting point for the different techniques was membrane emulsification: injecting the aqueous phase into an oil phase, kerosene, containing a surfactant to stabilize the droplets. Careful control of the stirring, after droplet formation, was required in order to maintain the spherical shape and to avoid droplet damage by the stirrer. Likewise, careful control of the pH of the aqueous phase being injected was required, as it controlled the rate of polymerization: too high pH and the reaction was too fast risking blockage within the membrane emulsification equipment, and too low pH led to long polymerization times and, therefore, long stirring times where damage to the gelling particles was more likely to occur. Hence, the optimum pH for the process was determined to be 3.5.
A coefficient of variation of the particle sizes formed of less than 20% was possible. This is a higher value than techniques where a single, or few, pores or channels are active in the production of the liquid droplets, but the productivity of the process described here is much higher and scalable to much larger areas of membrane. Also, normally, it is difficult to produce near-monosized silica particles in the range between 20 and 100 m, which is a size range of relevance to industrial applications of process-scale column operation and catalysis. There appears to be no pre-existing literature on membrane emulsification for this size of silica particles. Scaling up to larger productivity is possible by altering the means by which the shear is generated on the surface of the membrane: a system that oscillates the membrane to generate the shear has been recommended for such use, and for another liquid system the droplet size results were found to be comparable 18 between the two techniques: Dispersion Cell and oscillating membrane.
The BET pore size analysis indicated that the internal porosity, or voidage, of the particles produced was between 47% and 64%, depending on the solvent used for aging. A material balance based on the known starting mass of silica present and an analysis of the droplet and final (xerogel) particle size provided a very similar result for internal porosity, for all the different sizes of particles produced. The internal porosity of the hydrogel particles was close to 90%, and the shrinkage of the droplets as they changed from liquid to hydrogel, and then xerogel, was monitored by microscope analysis and confirmed the progression of the polymerization from liquid droplets, to hydrogel and then xerogel, where the xerogel size mass balance provided an internal voidage equal to the BET value. There was no further shrinkage between the air dried xerogel and the calcined particles that were used for the BET 
